A new method for measuring the global magnetic field structure of the Galactic plane is presented. We have determined the near-infrared polarization of field stars around 52 Cepheids found in recent surveys toward the Galactic plane.The Cepheids are located in the Galactic longitudes −10 • ≤ l ≤ +10. • 5 and latitudes −0. • 22 ≤ b ≤ +0. • 45, and their distances are mainly in the range of 10 to 15 kpc from the Sun. Simple classification of the sightlines is made with the polarization behavior vs. H − K S color of field stars, and typical examples of three types of them are presented. Then, division of the field stars in each line of sight into a) foreground, b
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). However, Faraday rotation only senses the line of sight component of magnetic field, and does not probe the sky-projected magnetic field. Also, pulsar distances have typical uncertainties of 0.5 kpc or greater, because few pulsars have stellar parallax, and H I kinematic distances typically only give upper or lower distance limits (Frail & Weisberg 1990; Verbiest et al. 2012 ).
In addition, a small number of pulsars are known in the Galactic center region and beyond. For instance, there are only 10 pulsars whose distance is more than 8 kpc toward our observed area (|l| ≤ 10 • , |b| ≤ 0. • 2) in the ATNF Pulsar Catalogue (Manchester et al. 2005) .This area suffers from strong confusion of diffuse emission from the Galactic disk at low Galactic latitudes, and Faraday rotation data are more difficult to obtain in the far side of the Galactic center (Han et al. 2017 (Han et al. , 2018 .
Starlight polarization is sensitive to the sky-projected magnetic field, but arises as an integral quantity of the line of sight between the Sun and the background stars. To examine changes in the sky-projected magnetic field with distance, we need reliable stellar distance markers. Nishiyama et al. (2009) attempted to measure magnetic fields in the Galactic center with near-infrared polarimetry by subtracting the polarization of "bluer" field stars at the near side in the Galactic bulge from the polarization of "redder" stars at the far side in the bulge. This work was followed by Nishiyama et al. (2010) who used the same method to examine a transition from toroidal to poloidal magnetic field above and below the Galactic plane. However, these works simply used H − K S colors instead of actual distances, and kiloparsec-scale details of the morphology of the magnetic field remain unclear. Pavel (2014) attempted to decompose the line of sight structure of the Galactic magnetic field and provided photometrically identified red clump stars with the polarization data of the Galactic Plane Infrared Polarization Survey (Clemens et al. 2012) . For real decomposition, however, spectroscopic follow-up to identify red clump stars is needed, as the author admitted in the paper.
We present a new method for examining the large-scale magnetic field geometry with distance by using classical Cepheids and Gaia data in the Galactic plane. Classical Cepheids are pulsating supergiants with the period luminosity relation (PLR) which enables us to estimate their distances with reasonable accuracy, if we can assume an appropriate extinction law (e.g., Nishiyama et al. 2006) . Matsunaga et al. (2016) discovered 29 classical Cepheids between −10 • and +10 • in the Galactic longitude along the Galactic plane, using the Infrared Survey Facility (IRSF). Dékány et al. (2015a Dékány et al. ( , 2015b reported dozens of new Cepheids found in the VISTA Variables in the Vía Láctea (VVV) survey (Minniti et al. 2010) . Their new Cepheids are located in the far side of the Galactic center. On the other hand, the Gaia astrometric mission (Gaia Collaboration 2018) is to produce a three-dimensional map of unprecedented precision, using parallaxes for billions of stars. Combining polarization with parallaxes is a powerful tool to probe the 3D topography of the interstellar medium and magnetic field. Visual-wavelength polarimetric studies have tried to resolve magnetic field structure in the diffuse ISM or dark globule using the Gaia DR2 parallax (Panopoulou et al. 2019 and Eswaraiah et al. 2019) , and have made some success in detecting the change of magnetic field orientation with distance.
In this paper, we divide field stars into three regions, a) foreground, b) bulge, and c) background, using the Gaia parallax data and near-infrared colors with the Cepheid distances.
These three regions are then used as distance markers along a line of sight to probe the magnetic field structure among them via near-infrared starlight polarimetry.
In section 3, we classify 52 Cepheid fields into three types simply from polarization behavior vs. H − K S color of field stars, choose a field of view from each of the three types, and discuss their polarimetric characteristics. Our new method for measuring the Galactic magnetic field structure with distance is presented in Section 4.
Observation
We conducted near-infrared polarimetric observations of 52 classical Cepheids and the stars around them in 2016 and 2017 with the SIRPOL instrument. The 52 classical Cepheids are identified by Dékány et al. (2015a Dékány et al. ( , 2015b and Matsunaga et al. (2016) . Among them, 50
Cepheids are located very close to the Galactic plane (−10 • ≤ l ≤ +10. • 5−0. • 2 ≤ b ≤ +0. • 2), and the other two Cepheids are in 0. • 2 ≤ |b| ≤ 0. • 5.
SIRPOL consists of a single-beam polarimeter (a half-wave plate rotator unit and a fixed wire-grid polarizer; Kandori et al. 2006 ) and the near-infrared imaging camera SIRIUS (Simultaneous Infrared Imager for Unbiased Survey; Nagashima et al. 1999; Nagayama et al. 2003) , and is attached to the 1.4 m telescope IRSF. The camera is equipped with three 1024 pixel × 1024 pixel HAWAII arrays. SIRPOL provides images of a 7. ′ 7 × 7. ′ 7 area of sky, in the J (λ J = 1.25 µm), H (λ H = 1.63 µm), and K S (λ K S = 2.14 µm) bands, simultaneously. The image scale of the arrays is 0. ′′ 45 pixel −1 . We obtained 10 dithered exposures, each 10 s or 20 s, at four wave-plate angles (0 • , 22. • 5, 45 • , and 67. • 5 in the instrumental coordinate system) as one set of observations. The total exposure time was 400 s for most of the Cepheid fields, and 800 s or more for some fields. The typical seeing was ∼ 1. ′′ 2 in the K S band during the observations.
Twilight flat-field images were obtained at the beginning and end of the observations. Standard procedures, dark subtraction, flat-fielding with twilight-flats, bad pixel subtraction, sky subtraction, and averaging of dithered images were applied with IRAF. In this paper, we discuss the result of K S -band polarimetry only. The Stokes parameters, I, Q, and U for Cepheids and the field stars are determined from aperture photometry of combined images as follows. Q = I 0 − I 45 , U = I 22.5 − I 67.5 , and I = (I 0 + I 22.5 + I 45 + I 67.5 )/2, where I 0 , I 22.5 , I 45 , and I 67.5 are intensities at four wave-plate angles. DAOFIND and PHOT tasks were used for point source identification and the aperture photometry at each wave-plate angle (I 0 , I 22.5 , I 45 , and I 67.5 ). Since the aperture photometry gives a better result than PSF fitting photometry (Hatano et al. 2013) , aperture photometry was applied in the following procedure. Photometry measurements are greatly affected by the choice of aperture size. If the aperture radius is too large the obtained value suffers from background contamination in the Galactic plane and the signal to noise ratio is decreased. If the aperture radius is too small, however, only a fraction of total flux is measured and the fraction inevitably changes, resulting in artificial polarization.
The aperture size was chosen after a search from 1.0 to 2.0 × FWHM at intervals of 0.1. We mostly adopted the aperture size of 2 × FWHM measured, but we adopted the aperture size of 1.5 or 1.0 × FWHM if the Cepheid was faint or the seeing was bad. The Two Micron All Sky Survey catalog (Skrutskie et al. 2006 ) was used for absolute photometric calibration of the field stars.
The raw polarization degree P raw and the position angle P A were calculated from
The debiased P (Wardle & Kronberg 1974) was finally derived from P = P 2 raw − δP 2 raw where δP raw is the error of P raw , calculated from the propagation of errors in the four intensities at four wave-plate angles. The typical error is δP raw = 0.5% for K S = 11.5 mag.
In this paper, we use the Galactic coordinate system, and furthermore the position angle P A GP is measured anti-clockwise from the longitude-increasing direction of the Galactic plane (i.e., the usual position angle in the Galactic coordinate system (e.g., Appenzeller 1968), which is measured from the north Galactic pole, minus 90 • ). Lowercase q GP and u GP stand for (Q/I) GP and (U/I) GP in this system, respectively. Our zero-point of the P A is estimated to be determined better than ∼ 3 • (Kusune et al. 2015) .
We have checked our polarimetry by observing the unpolarized standard star WD 2539-434 from the VLT list (Fossati et al. 2007 ) in order to estimate instrumentally induced polarization. We have confirmed that the instrumental polarization is small enough to neglect within the errors of our polarimetry precision. Although it was found to vary with a period of 2.6950 hours and semiamplitude of 4 mmag in the R band (Gary et al. 2013) , variations at such a level do not affect our polarimetry because the average time difference is only about 30 s between the intensity measurements of different wave-plate angles.
We have also examined how the measured polarization of WD 2539-434 changes as a function of aperture size from 1.0 to 4.0 × FWHM to check whether our chosen aperture is too small and introduces artificial polarization. Its debiased polarization stays zero between 1.5 and 2.4 × FWHM; its calculated δP raw stays below 0.28% between 1.0 and 2.2 × FWHM, but it increases to 4.0 × FWHM at a rate of nearly 0.01% per 0.1 × FWHM, probably due to too much background contamination. We have examined several field stars of different magnitude as a function of aperture size also, and many of them tend to be stable near 2 × FWHM although some stars fainter than 11 mag have a variety of fluctuations.
In a similar vein, we have examined the polarization of all the stars that are brighter than K S = 11 mag and bluer than H − K S = 0.2 mag in the 52 fields, to check the level of instrument polarization. We have observations of only a few fields which suffer interstellar extinction small enough, so polarimetry of such blue stars less affected by extinction in the 52 fields can serve to estimate the level of instrument polarization of our observation system.
The mean of q, its standard deviation, u, and its standard deviation of these 99 stars are 0.28%, (±)0.58%, −0.27%, (±)0.73%, respectively (see Figure 1 ). Field stars have intrinsic H − K S ∼ 0.1 mag on average according to Wainscoat et al. (1992) (see below), and the selected stars will have at most 0.9% if they follow the upper limit P/E(H − K S ) = 9.0%mag −1 (Hatano et al. 2013 ). The polarization q ∼ 0.28%, u ∼ −0.27% is also consistent with the results for disk star candidates (P A ∼ 0 • in the equatorial coordinates, which is P A GP ∼ −30 • ) in Hatano et al. (2013) although the disk star candidates in Hatano et al. (2013) include reddened stars up to H − K S = 0.4 mag and their mean P is 0.8%. Kandori et al. (2006) states that the stability of SIRPOL is better than 0.3%, and they were unable to detect instrument polarization. Our results are consistent with it, and we regard our instrument polarization as being smaller than 0.3%. Also, the stability of SIRPOL in a long term has been demonstrated, but we have to be careful because in a recent paper Kandori et al. (2019) mention that the instrument polarization of SIRPOL can reach 0.26% due to inappropriate handling of skyflat frames. We will investigate this problem in a future paper.
Results
In table 1 we list the Galactic coordinates, H and K S band mean magnitudes adopted from Dékány et al. (2015a Dékány et al. ( , 2015b and Matsunaga et al. (2016) , extinctions A K S , distances D, polarization degrees P and position angles P A GP in the K S band of the 52 Cepheids. We use distance modulus for estimating distances to Cepheids as done by Matsunaga et al. (2016) .
Since Dékány et al. (2015b Dékány et al. ( , 2015b estimated the distances using their own extinction law, we have re-calculated the distance of the Cepheids reported by Dékány et al. (2015b Dékány et al. ( , 2015b in accordance with Matsunaga et al. (2016) .We adopt the PLR of classical Cepheids from Matsunaga et al. (2013) :
where P d is their variation period in days. These PLRs and the extinction relation of (Nishiyama et al. 2006) are combined with the observed magnitudes H and K S to estimate the distance and the foreground extinction A K S . Figure 2 shows the distribution of the 52 Cepheids with filled circles. Only one Cepheid (MC10) is located close to the Galactic center, and all the others are located on the far side of the Galactic center. Although the polarization of these Cepheids is an integral quantity between the observer and the Cepheids along the line of sight, we can probe the magnetic field structure in the far side of the Galactic center if we perform some differential analysis.
The information about the magnetic field structure in the far side was quite unclear even with Faraday rotation and other data (e.g. Han 2017 Han , 2018 . 45 • , but their position angle errors δP A GP are more than 10 • , which means that the polarization signal to noise ratios are smaller than 3. We do not regard them representing the magnetic field correctly. Kobayashi et al. (1983 Kobayashi et al. ( & 1986 observed the Galactic longitudes of 0 • , 20 • , and 30 • , and found difference in the polarization efficiency P K S /A K S . The polarization efficiency at the Galactic longitudes of 20 • and 30 • is smaller than the one at the Galactic center of 0 • . Since the Galactic longitudes l of the 52 Cepheids range from −9. • 8 to +10. • 4, we examine if the polarization efficiency P K S /A K S is different from field to field. Figure 5 shows the relationship between the Galactic longitude and the polarization efficiency of the 52 Cepheids. The polarization efficiency with |l| ≤ 5 • is 1.39 ± 0.55 %/mag, and the polarization efficiency with |l| > 5 • is 1.15 ± 0.63 %/mag; the Cepheids in the outer part (|l| > 5 • ) have polarization efficiency similar to the Cepheids close to the Galactic center (|l| ≤ 5 • ), and the polarization efficiency is not significantly different in our observed region.
It is believed that interstellar polarization depends on the magnetic field of constant and random components similar in strength (Jones et al. 1992) . Then it might be natural to assume that the interstellar polarization degree gradually increases as a more distant and therefore more reddened star is observed. Also, the position angle of polarization is expected to be rather constant, and possibly along the Galactic plane (|P A GP | ∼ 0 • ). We ask if such a picture of undisturbed magnetic structure holds in most of the observed Cepheid fields. We examine polarization efficiency and change in differential position angles P A GP as the reddening increases in the Cepheid fields, and we have classified them into three types of 1) fairly constant and regular magnetic field, 2) containing an abrupt change in the field direction, and 3) of rather complicated pattern. We tried to conduct a new polarimetric differential analysis with the observed 52 Cepheid fields, but it was difficult to derive accurate polarization of field stars in four Cepheid fields due to poor signal to noise ratios. Thus, we looked into the other 48
Cepheid fields.
When we plot the field stars in a polarization degree P vs. If the magnetic field along the line of sight aligns well in the same direction, in the figure of polarization degree P vs. H − K S color, the polarization slope should be great. We make linear fitting to the polarization of field stars with H − K S ≥ 0.5 mag and calculate the slope in each field. If the slope of polarization per color ∆P /∆(H − K S ) is more than 1.2 %/mag in both the color ranges of 0.5 mag ≤ H − K S ≤ 1.5 mag and 0.5 mag ≤ H − K S ≤ 3.0 mag (table 1) , we define the field as Dflag = 1. Although this slope break is somewhat arbitrary, it corresponds to a fairly random magnetic field geometry in the compilation of infrared polarimetry by Jones et al. (1992) if we adopt the extinction law by (Nishiyama et al. 2006 ) and assume H − K S ∼ 1-2 mag. Only 10 Cepheid fields are classified to have Dflag = 1. In the remaining 38 Cepheid fields, two fields have turned out to be populated by field stars whose position angles change greatly as the H − K S color increases, and we have defined these two fields as Dflag = 2. As we show in the next section, the magnetic field orientation P A GP seems to change more than 45 • between the bulge and the background in these fields of view. In the other 36 Cepheid fields, the polarization degree does not increase very much (∆P /∆(H − K S ) ≤ 1.2), and we do not notice any significant pattern. Their polarization is generally parallel to the Galactic plane, but some of them show broad distribution of position angle in the polarization of field stars. We have defined these 36 filelds as Dflag = 3.
We choose a field of view from each of the three types, and discuss the change of magnetic field structure in detail. We will present the analysis of the other 45 Cepheid fields elsewhere (Zenko et al. in preparation) . We have selected Cepheid fields with large number of field stars in all of the foreground, bulge, and background categories. DC35 from Dflag = 1, DC5 from Dflag = 2, and MC15 from Dflag = 3 have been selected. These Cepheid locations are indicated with red points in figure 2. We discuss the result of polarimetric observation of each field.
DC35
DC35 was found by Dékány et al. (2015b) , and its period was determined to be 13.5 d. Its polarization degree is more than 4%, and the 9th largest in the 52 Cepheids. Its position angle P A GP is 2 • , and this |P A GP | is the 5th smallest, approximately parallel to the Galactic plane.
The extinction A K S to DC35 is relatively small among the 52 Cepheids (35th largest), so the The position angles of these reddened stars are very close to that of the cepheid DC35.
DC5
DC5 was found by Dékány et al. (2015b) , and its period was determined to be 12.3 d. Its
Galactic latitude 0. • 4 is largest in our sample, but it is moderately extincted among the 52
Cepheids with A K S of 2.4 mag, and also moderately polarized with P of 3.1%. However, its position angle P A GP is 37 • , and its |P A GP | is among the largest in the Cepheids with P/δP > 3 and therefore well determined P In the bottom panel of figure 7 , the position angles P A GP decrease to ∼ 10 • in the range of field stars 0.5 mag ≤ H − K S < 1.5 mag, but they increase again from H − K S ∼ 1.5 mag .
If we look at the detail, the mean and standard deviation of position angle P A GP is 34 • ± 15 • (0.75 mag ≤ H − K S < 1.25 mag), 15 • ± 9 • (1.25 mag ≤ H − K S < 1.75 mag; except three field stars whose position angles P A GP are more than 3σ away from the mean position angle P A GP ), and 24 • ± 15 • (1.75 mag ≤ H − K S < 2.25 mag). The magnetic field orientation changes greatly at H -K S ∼ 1.5 mag to produce 10 • or 20 • polarization increase. We note that DC5 is more reddened (H -K S = 1.75 mag) and has the position angle P A GP ∼ 37 • .
The polarization maps divided into five H − K S ranges are in figure 10. In the small H − K S ranges a) and b), many field stars show ∼ 50 • P A GP , and in the maps c), d), and e) are mixture of such field stars and those polarized nearly parallel to the Galactic plane.
MC15
MC15 was found by Matsunaga et al. (2016) , and its period was determined to be 16.5 d.
Its polarization degree and extinction are both modest, and the position angle P A GP is −23 • , having a large |P A GP | after DC5 and a few other Cepheids. Most field stars around MC15 have similar polarization to MC15, both in the degree and position angle. Therefore, the magnetic field direction seem to be well aligned and slightly oblique to the Galactic plane in this line of sight.
However, we notice a group of field stars having polarization nearly parallel to the Galactic plane (P A GP ∼ 0 • ) in the uppermost small area in figure 8 . The line of sight to this small area seems to be different from the other part of this field. We also notice one small (< 2 arcmin) region of large extinction exists, with the center coordinates of (l, b) = (1.
where we have very few stars whose polarization has been measured accurately. This small region does not seem to influence the MC15 field analysis as a whole.
In the other part, most field stars have small polarization degree P of less than 3% and are evenly distributed. The gradient of the field stars with 0.5 mag ≤ H − K S ≤ 1.5 mag is figure 8 also) , but it is evident that many field stars reddened similarly to MC15 have polarization similar to MC15 (P A GP = −23 • ).
The differential analysis
Now we try to sort the stars in each field of view into three regions according to their distances. First, the majority of field stars belong to the bulge (e.g., Hatano et al. 2013) , and are concentrated around the distance of the Galactic center ∼ 8 kpc. These are "bulge" stars.
Second, the Cepheids are in the far side of the Galaxy, and their distances are well determined.
The field stars which suffer interstellar extinction similar to the Cepheids go into the "background" category. Last, the field stars close to us can be detected in the optical wavelengths, and are listed in the Gaia DR2 catalog. They are "foreground" stars. Therefore, we will divide each field into the three regions a) foreground, b) bulge, and c) background, and calculate the differential polarization between them.
Our Cepheid fields are close to the Galactic plane, and most of the stars in the Gaia DR2 catalog is confined to the distance D ≤ 4 kpc. We define the stars as the "foreground" stars whose parallax ranges determined in the Gaia DR2 catalog cover the distance 4 kpc or closer. Following Hatano et al. (2013) , who regarded stars with H − K S < 0.4 mag as the disk stars, we set a color range of 0 mag ≤ H − K S ≤ 0.5 mag and matched these stars with the Gaia DR2 catalog, using a match radius of 1 arcsec. If we confine the match to the Gaia 10σ stars whose ratios of parallaxes to uncertainties ω/σ ω are greater than 10, very few matches are found. Therefore we use all the Gaia stars whose ratios of parallaxes to uncertainties are greater than 1. We remove the field stars whose distance are more than 4 kpc even if we assume ω + σ ω as their parallaxes.
We regard the field stars whose distances are similar to the Cepheids as the "background" stars. First, we compare the observed color magnitude diagrams of the field stars in figure 12 with the Galaxy stellar model by Wainscoat et al. (1992) . The stellar types whose H − K S color and K S magnitude are compatible with the observed ranges, and also the distance to the Cepheids are M5III, M6III and A-G I-II. We calculate the mean H − K S color using these stellar types and stellar densities in Wainscoat et al. (1992) . The mean background H − K S color of the DC35 field is 1.91 mag, DC5 is 2.03 mag, and MC15 is 1.88 mag; we regard all the stars in the H − K S color range of 0.5 mag around them as the "background" stars.
Near-infrared observations toward the Galactic center produced a double peak structure in the H − K S histogram; the small peak on the bluer side of the histogram corresponds to the foreground stars, and the main peak in the redder side of the histogram corresponds to the bulge stars (e.g., Nishiyama et al. 2009 ). In the H − K S histograms of the 48 Cepheid fields, many of them show a similar structure. In the color magnitude diagram (figure 12) and H − K S histogram (figure 13), stars (black dots) with photometric errors δH < 0.06 mag and δK S < 0.06 mag and stars (red dots) with photometric errors δH < 0.06 mag, δK S < 0.06 mag and polarimetric errors δP K S < 0.5 % are plotted. The peak of the red hisogram H − K S color of the DC35 field is 0.95 mag, DC5 1.45 mag, and MC15 1.45 mag. We basically regard the field stars whose colors are within ±0.25 mag from the main peak of H − K S as the bulge star candidates. However, if the bulge color range overlaps with the foreground or the background color range, we limit the color range of the bulge so that they do not overlap. The color range of the DC35 and DC5 fields is within ±0.25 mag, and that of the MC15 field is within ±0.18 mag.
DC35
We show the relation between the distance and the polarization of the foreground stars in the upper left panel of figure 14 . All the five stars close to us with ω ≥ 0.9 mas have the position angles P A GP ∼ 0 • or slightly smaller, while the position angles of the other more distant foreground stars are distributed around P A GP ∼ 15 • . Therefore, a clear change in the magnetic field direction seems to exist at a distance slightly more than 1 kpc. Such a small change is difficult to discern in the H − K S color discussion in the previous section. The median distance of these 46 foreground stars is 2.21 kpc, and their mean H − K S color is 0.31 mag.
If we calculate the mean polarization degree, P is ∼ 2% and the mean position angle P A GP is ∼ 10 • (table 2) . The polarization map (the left panel of figure 15 ) also demonstrates that the vectors of the foreground stars are the mixture of the two coherent patterns of P A GP ∼ 0 We have checked the dark cloud catalog by Dobashi (2011) , and only one dark cloud No.
216 on the upper boundary of the DC35 field exists, with the center coordinates of (l, b) = (4. • 33, −0. • 03) and the surface are of 18 arcmin 2 ; this cloud does not seem to affect the polarization of the field. We have also checked the V band polarimetry catalog (Heiles 2000) , but there are no stars located in the DC35 field of view. However, the web 3D dust map mentioned in Lallement et al. (2019) indicates a clear increase in reddening E(B − V ) at a distance around 1.2 kpc, which might correspond to the change in the position angle P A GP at ω ∼ 0.9 mas.
In the middle panel of figure 15 , most of the vectors of the bulge stars seem to be aligned in the Galactic plane direction. In the bulge, the mean polarization degree P increases and the position angle becomes closer to parallel to the Galactic plane than the forground (table 2) . Therefore, the differential polarization between the foreground and the bulge (table 3) shows polarization increase of more than 1% in the direction parallel to the Galactic plane. The polarization increase per color change ∆P /∆(H − K S ) is as high as 2.9 %/mag, indicating that a uniform magnetic component dominates between the foreground and the bulge. In the upper left panel of figure 18 , the bulge stars (the green error bars) are located further right from the foreground stars, indicating that the magnetic field between the foreground and the bulge along the line of sight aligns parallel to the Galactic plane very well.
The polarization vectors of the background stars are almost parallel to the Galactic plane in the entire field, and are quite consistent with the polarization of DC35 itself, which is at the distance D of 12.0 kpc (the right panel of figure 15 ). The mean polarization degree P of the background stars further increases and their position angle becomes even closer to parallel to the Galactic plane than the bulge (table 2). The differential polarization between the bulge and the background stars (table 3) The mean polarization degree P is ∼ 1% and the mean position angle P A GP is oblique to the Galactic plane (table 2). In the upper right panel of figure 18 , the foreground stars are located in a region on the upper side of the origin (small u GP > 0). This is the magnetic field up to the distance D ∼ 1.5 kpc in this line of sight.
We have also checked the dark cloud catalog by Dobashi (2011) , and two dark clouds,
No. 7204 and 7208, exist near this field, with the center coordinates of (l, b) = (−7. • 13, 0. (2000) has no stars in the DC5 field of view, either.
In the middle panel of figure 16 , the polarization vectors of the bulge stars seem to have broad distribution from ∼ 50 • , which is similar to foreground stars, to nearly ∼ 0 • , parallel to the Galactic plane. The mean polarization degree P of the bulge stars increases and the position angle P A GP becomes clearly closer to parallel to the Galactic plane than the foreground stars (table 2). The differential polarization between the foreground and the bulge (table 3) shows polarization increase of more than 2% in the direction parallel to the Galactic plane.
The polarization increase per color change ∆P /∆(H − K S ) is large (2.0 %/mag), indicating that a uniform magnetic component dominates between the foreground and the bulge. This is clear also in the upper right panel of figure 18 , almost all of the bulge stars are located right of the foreground stars, which means that the magnetic field between the foreground and the bulge is in the direction parallel to the Galactic plane.
If we proceed to the position of the Cepheid DC5 at the distance D = 12.6 kpc, the P A GP of polarization becomes oblique to the Galactic plane again. In the right panel of figure 16 , the background stars show broad distribution from nearly ∼ 0 • , parallel to the Galactic plane, to ∼ 50 • , which is as indicated in the H − K S vs. polarization angle P A GP of the bottom panel of figure 7 , in the more reddened and probably more distant stars. In the background, the mean polarization degree P is almost unchanged from the bulge, and the position angle becomes tilted again from the Galactic plane (table 2) . However, the differential polarization between the bulge and the background (table 3) Dobashi (2011) lists no dark cloud in the neighborhood of the MC15 field. The V band polarimetry catalog by Heiles (2000) has no stars in the MC15 field of view, either.
The bulge stars (in the middle panel of figure 17) show a coherent pattern of polarization, P A GP ∼ −20 • , except for the uppermost small area, as we notice in the section 3.3. The angle from the Galactic plane is smaller negative, and the mean polarization degree P increases from 0.9 to 1.6% (table 2) . This is evident in the bottom left panel of figure 18 , where the bulge stars (the green error bars) are distributed broadly in the right side of the foreground; q GP increases and u GP does not change. Therefore, the magnetic field between the foreground and the bulge aligns parallel to the Galactic plane. However, its differential polarization (table 3) shows polarization increase of only ∼ 1.0% in the direction parallel to the Galactic plane. The polarization increase per color change ∆P /∆(H − K S ) is rather small (0.9 %/mag), indicating that a random magnetic component dominates between the foreground and the bulge.
The Cepheid MC15 at D = 10.9 kpc has polarization whose P = 2.3% and P A GP = −23 • , and the polarization vectors of the background stars (in the right panel of figure 17 ) show patterns slightly closer to parallel to the Galactic plane, with the marginally increased mean polarization degree P of 2.0% (table 2). The differential polarization degree between the bulge and the background (table 3) is less than 0.6% in the direction nearly parallel to the Galactic plane. The polarization increase per color change ∆P /∆(H −K S ) is small (1.4%/mag), and the background stars and MC15 itself (the red error bars and the black filled circle, respectively, in the bottom left panel of figure 18 ) overlap the bulge stars. Therefore, random magnetic components seem to dominate more here than between the foreground and the bulge.
Discussion
The three Cepheids DC35, DC5, and MC15 are at 12.0, 12.6, and 10.9 kpc from us, respectively, and located in the far side of the Galactic center, possibly in a spiral arm (e.g., the Far-3kpc arm; Dame & Thaddeus 2008; Han et al. 2018 ). Many of the field stars observed in the near-infrared are in the bulge, which is around 8 kpc from us; the polarization changes from the bulge stars to the Cepheids provide us with the information of the magnetic field in the distance range of 8−12 kpc. The polarization of background stars (table 2) is generally similar to the polarization of the Cepheids, so the classification of the field stars into the background on the basis of their H − K S color, and therefore the differential polarization in table 3 seems reasonable. The magnetic field in the DC35 and MC15 sightlines runs parallel to the Galactic plane in the far side of the Galactic center, but in the DC5 sightline, the magnetic field seems to be oblique to the Galactic plane.
Dflag of 1 is assigned to the lines of sight where the slope of polarization increase per the H − K S change is large all the way to the H − K S color of 3.0 mag. According to the model by Jones et al. (1992) , this slope corresponds to the ratio of constant to random magnetic components. The magnetic field in the line of sight to DC35 (Dflag = 1) seems to have greater constant components than MC15 (Dflag = 3), both in the far side and in our neighborhood (D ∼ 1 kpc). More lines of sight have been assigned to Dflag = 3, which means that random magnetic field components are often dominant in some regions in the range of ∼ 12 kpc to the far side of the Galactic center.
SUMMARY
We have measured near-infrared polarization of 52 Cepheid fields in the Galactic plane, toward the Galactic center. The magnetic field orientation between the Sun and the far side of the Galactic center seems to be close to parallel to the Galactic plane in most cases. We classify 48
Cepheid fields into three types on the basis of the polarization characteristics. We have chosen a field of view from each of the three types. The DC35 field shows the magnetic field nearly parallel to the Galactic plane, well aligned all the way of ∼ 12 kpc from the Sun to the Cepheid position in the other side of the Galactic center, with a very small change in the position angle we can detect at the distance of 1.1 kpc. However, sightlines which show such well aligned magnetic fields in the Galactic plane is rather small in number. The MC15 field, along with the other 36 Cepheid fields, indicates that random magnetic field components are significant.
The DC5 field and the other field indicate that the magnetic field orientation changes more than 45 • in the line of sight. The polarization increase per color change ∆P /∆(H − K S ) varies from region to region, reflecting the change in the ratio of the magnetic field strength and the turbulence strength. Dékány et al. (2015a Dékány et al. ( , 2015b and Matsunaga et al. (2016) , and their polarization measured in our survey. ID (DC and DCC stand for Dékány Cepheid and MC stands for Matsunaga Cepheid, and the number or name in their lists), Galactic longitude, Galactic latitude, H and K S mean magnitude, K S extinction, distance, debiased polarization degree, its error, position angle P A GP in Galactic coordinates, its error, gradients G1 (0.5 mag ≤ H − K S ≤ 1.5 mag), gradients G2 (0.5 mag ≤ H − K S ≤ 3.0 mag), and Dflag (Section 3). The mean magnitudes are from Dékány et al. (2015a Dékány et al. ( , 2015b and from Matsunaga et al. (2016) 
